 Clin. Invest. 1992. 749-758.) 
Introduction
PTH and 1,25(OH)2 vitamin D3 are the principal physiological regulators of extracellular calcium in humans and other mammals. The major sites at which PTH stimulates renal calcium absorption are cortical thick ascending limbs of Henle's loop (1) (2) (3) (4) , distal convoluted tubules (5, 6) or, in the rabbit, in connecting tubules (7) (8) (9) . In these hormone-sensitive nephron segments, PTH increases active, transcellular calcium trans-port (3, [10] [11] [12] . PTH-induced increases in calcium absorption are associated with a rise of intracellular calcium activity ([Ca2+] i)' in cortical thick ascending limbs ( 13) and in connecting tubules (7) .
Active absorptive transport across polarized epithelial cells is a two-step process involving entry across apical plasma membranes followed by efflux across basolateral plasma membranes. In a recent study we found that calcium entry in distal convoluted tubule cells is mediated by dihydropyridine-sensitive calcium channels (13) . Calcium channels in electrically excitable cells such as cardiac myocytes or skeletal muscle cells are voltage-gated and are activated at depolarizing membrane voltages (14) . In some nonexcitable cells hyperpolarization augments agonist-induced calcium influx and depolarization inhibits calcium influx (15) (16) (17) (18) (19) (20) .
Relatively little information is available regarding the effects of PTH on membrane voltage in any hormone-sensitive cells. Previous studies of the effect of PTH on voltage in target distal nephron segments produced variable results. PTH increased transepithelial voltage in rabbit cortical thick ascending limbs (21 ) and in rabbit connecting tubules (22) , albeit in a biphasic pattern. Significant alterations of voltage in response to PTH in distal nephron segments have not been detected in other studies (2, 4) . In the present investigation we sought to determine the effects of PTH on membrane voltage, the ionic basis of these effects, and the relations between PTH-induced changes in membrane voltage and calcium uptake in distal convoluted tubule cells. The results show that PTH hyperpolarizes the cell membrane of cultured distal convoluted tubule cells. The time-course ofhyperpolarization parallels the change of [Ca2+]i induced by PTH. Evidence is presented indicating that activation of a chloride conductive pathway by PTH is responsible for the voltage effects. Increased chloride conductance in distal convoluted tubule cells results in decreased intracellular chloride activity, membrane hyperpolarization, and increased calcium entry through dihydropyridine-sensitive calcium channels.
Methods
Procedures for the development of immortalized mouse distal convoluted tubule cells have been described (23) (24) (25) . Briefly, cortical thick ascending limb and distal convoluted tubule cells were isolated from mice and established in primary cell culture. Transformation was accomplished with chimeric adenovirus 12-simian virus 40 (AD12/ SV40). Clonal cell lines were established by limiting dilution of cells. The cell line so established and used in the present study exhibits: (a) PTH-stimulated adenylyl cyclase and cAMP formation; (b) thiazide-sensitive NaCl cotransport; (c) no effect of bumetanide on sodium or chloride uptake (24). Cell passages 5 to 21 were used in the present study.
Intracellular fluorescence measurements of calcium, voltage, and chloride were performed as previously described in detail (13, 25) . In brief, cells were grown to near confluence on 25- (13, 25) . Calibration of membrane voltage was performed by a null-point procedure using graded changes in external potassium in the presence of valinomycin (27) . Intracellular chloride was calculated by interpolating steady-state SPQ fluorescence intensity under control conditions (24 mM) with that after equilibrating with KSCN + valinomycin (140 mM), taking dye leak into account (26) .
Cellular uptake of 22Na' and 45Ca2+ was performed as previously reported (25) (Table I) . These results support the view that PTH-stimulated calcium entry in mouse distal convoluted tubule cells is mediated by dihydropyridine-sensitive, calcium-permeable channels. Nifedipine had no inhibitory action of its own. This observation suggests that basal rates of calcium entry may be mediated by a mechanism other than by dihydropyridine-sensitive calcium channels.
Sodium uptake averaged 344±19 nmol min-' mg protein -' and was not affected by incubation with PTH for 15 min (Table I) . We also measured 22Na+ uptake after 1, 2, and 5 min of incubation with PTH and were unable to detect any effect. Thus, PTH specifically stimulates calcium uptake by mouse distal convoluted tubule cells. Furthermore, as shown in Table  I , nifedipine had no detectable effect on 22Na+ uptake suggest- ing that sodium entry does not proceed through cation channels that are inhibitable by dihydropyridine blockers.
The time-course of 45Ca2" uptake stimulated by PTH in mouse distal convoluted tubule cells is shown in Fig. 1 250 -I0-1 M PTH and therefore this concentration was used in the subsequent experiments described in this report. As shown in Table II , nifedipine inhibited the PTH-stimulated rise of
[Ca2+]J induced by PTH, but had no effect of its own on (Table IV) .
We next inquired into the origin ofthe membrane hyperpolarization evoked by PTH. Since PTH had no detectable effect on sodium entry, we speculated that an alteration in the cellular chloride diffusion potential may underlie the hyperpolarization caused by PTH. We tested this hypothesis by several independent approaches. In the first set of experiments, we examined the effect of the chloride channel blocker NPPB on PTH-induced hyperpolarization. The data in Table IV show that NPPB abolished the change in voltage stimulated by PTH. These observations are consistent with the view that chloride channels are involved in PTH-induced membrane hyperpolarization. NPPB had no effect of its own membrane voltage. We also examined the effect of nifedipine alone and in combination with PTH. These data, shown in Table IV hyperpolarization. In other words, these observations suggest that entry of extracellular calcium is not required for PTH-induced membrane hyperpolarization. Effect ofPTH on intracellular chloride activity. The observation delineated above suggested that PTH may activate chloride channels with an attendant increase in chloride conductance leading to a decrease of intracellular chloride. Therefore, a second set of experiments was undertaken to determine directly the effects of PTH on intracellular chloride. The results of an experiment in which we measured the effect of PTH on intracellular chloride is shown in Fig. 4 . Changes in SPQ fluorescence are inversely related to alterations ofintracellular chloride activity. When SPQ fluorescence stabilized, PTH was added to the incubation chamber. After a latency of -6 min SPQ fluorescence increased, reaching maximal levels at -10 min after PTH addition (Table III) . This fall of intracellular chloride activity preceded the change in membrane voltage. These results suggest that the decrease of intracellular chloride is responsible for the hyperpolarization. Fluorescence intensity remained constant until an extensive rinse period was begun. Fluorescence excitation was turned off during this period to avoid photobleaching. By 45 min, intracellular chloride activity returned to control levels. NPPB (plus PTH) was then added to the bath and there was a prompt fall in SPQ fluores- abolished by NPPB. When added alone, NPPB had no effect. These observations are consistent with an obligatory role of chloride channels in the mechanism of PTH-induced increases of calcium entry in distal convoluted tubule cells.
By extension, if PTH-stimulated Ca2" influx is due to an increase in membrane voltage that has its origin in a decrease of intracellular chloride activity, then replacement of extracellular C1-should depolarize distal convoluted tubule cells thereby preventing stimulation ofcalcium uptake by PTH. The finding that PTH hyperpolarized cells was illustrated in Fig. 3 . We previously established that reduction of extracellular chloride depolarizes mouse distal convoluted tubule cells and inhibits 45Ca2" uptake (25) . As hypothesized here, such membrane depolarization inhibited 45Ca2+ uptake (Table VI) (Table VI) . These findings strongly support the view that hyperpolarization induced by PTH is an obligate step in initiating calcium entry.
Discussion
The focus of the present work was to clarify more completely the cellular events involved in the stimulatory action of PTH on calcium uptake in distal convoluted tubules. This nephron segment is the predominant site at which PTH exerts its hypocalciuric effect in rodents (5, 12), dogs (31 ) , and, it is thought, in humans (32) . In the rabbit, homologous calcium regulatory functions are expressed in connecting tubules (7-9, 33, 34) . We were particularly interested in the effect of PTH on membrane voltage, the ionic basis of the change in voltage evoked by PTH, and the relationship between voltage and calcium entry. For these studies we used immortalized mouse distal convoluted tubule cells. The phenotype ofthese cells appears similar to that of freshly isolated or primary cultures of distal convoluted tubule cells ( 13, 24, 25) . Results presented in Figs. 1 and 2, and in Tables I and II, establish that PTH stimulates calcium entry in these immortalized cells through dihydropyridine-sensitive calcium channels with an attendant rise of [Ca2+]i. These results are qualitatively and quantitatively in agreement with observations reported in freshly isolated tissue and in primary cell cultures of PTH-sensitive cortical ascending thick limbs and distal convoluted tubule cells ( 13) . Additional evidence shows that sodium entry is mediated by NaCl cotransport, which is inhibitable by thiazide diuretics, and a parallel electrically conductive pathway that is blocked by amiloride (25, 35) .
Voltage effects of PTH. Resting membrane voltage averaged -71±2 mV. This value is entirely consistent with that measured by conventional microelectrodes in rabbit distal convoluted tubule cells of -73 to -77 mV (36, 37) . The results shown in Fig. 3 clearly demonstrate that PTH hyperpolarizes membrane voltage in mouse distal convoluted tubule cells. Previous studies of PTH effects on voltage in target distal nephron segments produced variable results. In single connecting tubules isolated from rabbit kidney and perfused in vitro, Shimizu et al. found that PTH induced biphasic changes in transepithelial voltage (22) . Addition of 10-8 M PTH caused an initial hyperpolarization that began after 0.5-2 min and peaked at 5 min. This response was followed by spontaneous repolarization to control levels (22) . Since basolateral voltage was unaffected by PTH, the observed biphasic response to PTH represents initial depolarization followed by hyperpolarization of apical membranes. When tubules were pretreated with amiloride the secondary repolarization was abolished and the time to peak hyperpolarization was lengthened to -12 min. Our results exhibited rather different kinetics but are remarkably similar to their observations of tubules first exposed to amiloride. Two differences are apparent. First, in mouse distal convoluted tubule cells a lag of some 8-10 min occurred before a detectable change of voltage was seen. This latency is greater than that in rabbit connecting tubules where intracellular calcium begins to rise after 2 min (7). Second, in mouse distal convoluted tubule cells the hyperpolarization and the PTH-induced elevation of [Ca" ]i were also sustained. We are still uncertain as to the origin ofthe pronounced latency. However, it should be noted that the latency is similar for the change in voltage as for the increase of intracellular calcium (Fig. 3 , Table III ) but greater than for the decrease ofintracellular chloride (Fig. 4, Table III) . Moreover, as we showed previously, it is comparable in isolated perfused cortical thick ascending limbs ( 13) . Hence, the latency was not due to a basolateral diffusion barrier of cells grown on impermeant supports. The similarity in the interval between the rise of PTH-stimulated 45Ca2+ uptake (Fig. 1) and the increase of [Ca2+ ]i (Fig. 3) suggests that this delay is not referable to temporary intracellular calcium sequestration or to a stoichiometric imbalance between apical calcium entry and basolateral efflux.
The initial hyperpolarization of transepithelial voltage induced by PTH that was reported by Shimizu et al. (22) was not inhibited by amiloride but was blocked when sodium in the luminal perfusate was replaced by choline. They interpreted these observations to mean that the PTH-induced hyperpolarization was due to an increase in Na + influx across apical membranes through an amiloride-insensitive conductive pathway (22) . As shown in Table I , we were unable to detect a change in 22Na+ uptake in response to stimulation with PTH for 15 min. We also measured 22Na+ uptake at 1, 2, and 5 min after addition of 10 -8 M PTH but found no effect compared to untreated controls. Comparable observations have been made during in vivo and in vitro distal convoluted tubule microperfusion experiments where PTH increased calcium but not sodium absorption (12, 34, 38) . Furthermore, increased sodium entry would be expected to depolarize distal convoluted tubule cells. Therefore, we sought an alternative mechanism to account for the hyperpolarization.
Several lines of evidence support the view that PTH-induced hyperpolarization is due to activation of chloride channels, increased chloride efflux, and a reduction of intracellular chloride activity. First, under control conditions intracellular chloride can be estimated2 from the Goldman-Hodgkin-Katz equation to be 24 mM. This is comparable to the intracellular chloride activity in cortical thick ascending limb cells and rat distal convoluted tubule cells (39, 40) . However, this value is greater than the 6 mM calculated from the increase in SPQ fluorescence after addition of PTH or 10 mM predicted from passive distribution at a membrane voltage of -71 mV. Thus, under control conditions intracellular chloride activity is above its equilibrium level. Second, PTH increased the rate of iodide efflux ( Fig. 5 ) and this effect was blocked by the chloride channel blocker NPPB. These findings are consistent with the view that PTH increases chloride permeability and provides a mechanism for the decrease ofintracellular chloride evoked by PTH (Fig. 4) . Insofar as the change of intracellular chloride preceded both the hyperpolarization and the rise of [Ca2" ], these results suggest that the fall of intracellular chloride sets the membrane voltage. After challenge with PTH, membrane voltage hyperpolarized by 19 mV and this effect was inhibited by NPPB (Table IV) . The hyperpolarization induced by PTH would correspond to a calculated intracellular chloride activity of 5 mM at a membrane voltage of -90 mV. Estimates of the actual change of intracellular chloride derived from the increase in SPQ fluorescence (Fig. 4) was 6.1±0.3 mM (n = 3), a value consistent with chloride falling to its electrochemical equilibrium level following stimulation by PTH. Moreover, intracellular K+ was not affected by PTH (control = 119±9 mM, PTH = 1 18±5 mM, n = 5). Thus, the change of intracellular chloride activity after stimulation of distal convoluted tubule cells with PTH is sufficient to account for membrane hyperpolarization.
We propose that the primary event that occurs in response to PTH in distal convoluted tubule cells is activation of chloride channels, which results in hyperpolarization of membrane voltage. An initial increase of chloride current should first depolarize the cell. Such an effect was not observed. Shimizu et al. (22) reported that PTH depolarized basolateral membranes by 0.8 mV, but was not statistically significant. The reason for the modest depolarization may lie in the magnitude of the relative change in anion permeability after stimulation with PTH.
Under control conditions PK+:PCI-= 42. PTH increased the rate of halide anion efflux by 128% (Fig. 5) . From the Goldman-Hodgkin-Katz equation it can be calculated that an increase of chloride permeability of this magnitude would depolarize the membrane voltage by 1-2 mV. This change is too small to be detected with fluorescent dyes or conventional microelectrode techniques.
We argue herein that PTH hyperpolarizes distal convoluted tubule cells by increasing the chloride diffusion potential across basolateral plasma membranes, the site of chloride channels in distal convoluted tubule cells (36, 37; Dietl, Stanton, and Friedman, unpublished observations). An increased chloride diffusion potential also accounts for the hyperpolarization induced by thiazide diuretics in distal convoluted tubule cells (25) and that evoked by furosemide in cortical thick ascending limbs (41 ) . However, there is an additional and perhaps subtle difference between the means by which a change in Eca-, the Nernst equilibrium potential for chloride, arises after treatment with PTH or thiazide diuretics. In the case of thiazide diuretics, chloride entry by the apical membrane NaCl cotransporter is blocked. Continued chloride efflux through NPPBsensitive channels results in a drop of intracellular chloride, which in turn hyperpolarizes the cell membrane (25) . PTH, on the other hand, does not change the rate of NaCl entry (Table  I ). In the case of PTH, we propose that basolateral chloride channels are activated by a mechanism involving phosphorylation by protein kinase A and/or protein kinase C. PTH has been shown to activate chloride channels in proximal tubule cells (42) and in bone (43) . In proximal tubule cells, both protein kinase A and protein kinase C may activate chloride channels after stimulation with PTH (42) . Chloride channels in other transporting epithelial cells are also regulated by protein kinase A or by protein kinase C (30, (44) (45) (46) (47) .
Our findings provide an alternate explanation for the results reported by Shimizu et al. (22) . Two apical membrane sodium entry mechanisms are present in rabbit connecting tubule cells and in mouse distal convoluted tubule cells: an amiloride-sensitive Na+ channel andthiazide-inhibitable, electroneutral NaCl cotransport (33, 35, 48) . Amiloride had no effect on PTH-induced hyperpolarization of apical plasma membranes (22) , presumably because chloride entry occurs through the electroneutral NaCl cotransporter and exits through a basolateral chloride channel. Replacement of luminal sodium with choline would have prevented cation entry through both pathways. By inhibiting Na+ -coupled Cl -transport, chloride entry is blocked, leading to a fall of intracellular chloride and membrane hyperpolarization. Thus, we propose that the origin of the PTH-induced membrane hyperpolarization is similar in rabbit connecting tubules and in mouse distal convoluted tubules.
Relationship between membrane voltage and PTH-stimulated calcium entry. The results presented and discussed thus far show that PTH hyperpolarizes membrane voltage and that this hyperpolarization involves activation of chloride channels. For these events to have physiological relevance, calcium entry would have to be governed by membrane voltage. In other words, according to the mechanism we propose, the stimulatory action of PTH requires that the induced hyperpolarization increase calcium entry by distal convoluted tubule cells. The data in support of this argument are shown in Tables V and VI . First, preventing PTH-induced hyperpolarization with the chloride channel blocker NPPB abolished the stimulatory effect on 45Ca2+ uptake and on [Ca21]i (Table V) . Second, depolarizing membrane voltage by chloride replacement completely inhibited the stimulatory effect of PTH on 45Ca2+ uptake (Table   VI) . Third, clamping the membrane voltage with valinomycin blocked the inhibitory effect of chloride removal on 45Ca2+ uptake (Table VI) . Fourth, clamping the membrane voltage with valinomycin in the presence of normal extracellular chloride blocked the stimulatory effect of PTH on 45Ca2+ uptake (Table VI) . Finally, we previously established that directly manipulating the membrane voltage by varying extracellular potassium caused proportionate changes in 45Ca2+ uptake (25) .
Thus, hyperpolarizing the membrane voltage stimulated 45Ca2+ uptake whereas depolarizing the membrane reduced it.
Taken together, the present results permit a tentative model for stimulation of calcium entry by PTH to be developed. According to this model, PTH hyperpolarizes distal convoluted tubule cells. Membrane hyperpolarization, in turn, leads to an increase ofcalcium entry through calcium channels that are modulated by dihydropyridine-type calcium channel agonists and antagonists (25) . This model for voltage-dependent, receptoroperated calcium channels is fundamentally similar to the mechanism of stimulation ofcalcium entry by secretagogues in mast cells ( 15 ) . In those studies, calcium influx was increased during membrane hyperpolarization. Furthermore, activation of a chloride current was responsible for the membrane hyperpolarization (49) .
Calcium and sodium absorption in the kidney normally proceed in parallel. However, certain physiological, pharmacological, or pathological influences are known to dissociate one from the other. PTH, for instance, reduces renal calcium exere-tion without a change in sodium excretion (10, 12, 38) . Although the mechanisms responsible for the dissociation are not known definitively, they all proceed in distal convoluted tubules. It has been suggested that in a variety of epithelial cells, sodium entry across apical plasma membranes may be regulated by a feedback mechanism involving intracellular calcium with increases of intracellular calcium activity inhibiting sodium influx (50) . Were such a mechanism present in distal convoluted tubule cells it would be expected to amplify the dissociation ofcalcium and sodium transport induced by PTH. In particular, the stimulation of calcium entry with an attendant rise of [Ca2+]i might inhibit sodium influx through electrically conductive or electroneutral pathways. However, the data in Table I show that PTH had no detectable effect on sodium uptake. Thus, such a negative feedback mechanism would not appear to be involved in the regulation of sodium entry in distal convoluted tubules. However, it is possible that other physiological, pharmacological, or pathological maneuvers that evoke a greater elevation of [Ca2+ ]i than does lo-M PTH, might participate in negative feedback regulation of sodium entry.
In summary, our results show that PTH increases the rate of calcium, but not of sodium, uptake by mouse distal convoluted tubule cells. Increased calcium uptake by PTH results in concentration-dependent elevations ofintracellular calcium activity. PTH also enhanced electrically conductive halide anion permeability, increased chloride efflux, and decreased intracellular chloride activity. The decrease of intracellular chloride activity was responsible for membrane hyperpolarization that in turn stimulated calcium entry. Application of the chloride channel blocker NPPB prevented the PTH effect on voltage, as well as the stimulatory effect of PTH on calcium uptake. PTHstimulated calcium entry is mediated by dihydropyridine-inhibitable calcium channels. The increased chloride conductance evoked by PTH, in combination with stimulation of calcium entry through dihydropyridine sensitive calcium channels, provides the means ofincreasing the driving force for regulated calcium entry in calcium-transporting distal convoluted tubule cells.
